Severe hypertension can lead to malignant hypertension (MH) with renal thrombotic microangiopathy and hemolysis. The role of plasma heme release in this setting is unknown. We aimed at evaluating the effect of a mild plasma heme increase by hemin administration in angiotensin II (AngII)-mediated hypertensive rats. Prevalence of MH and blood pressure values were similar in AngII and AngII + hemin groups. MH rats displayed a decreased renal blood flow (RBF), increased renal vascular resistances (RVR), and increased aorta and interlobar arteries remodeling with a severe renal microcirculation assessed by peritubular capillaries (PTC) rarefaction. Hemin-treated rats with or without AngII displayed also a decreased RBF and increased RVR explained only by PCT rarefaction. In AngII rats, RBF was similar to controls (with increased RVR). PTC density appeared strongly correlated to tubular damage score (rho = −0.65, p < 0.0001) and also renal Heme Oygenase-1 (HO-1) mRNA (rho = −0.67, p < 0.0001). HO-1 was expressed in PTC and renal tubules in MH rats, but only in PTC in other groups. In conclusion, though increased plasma heme does not play a role in triggering or aggravating MH, heme release appears as a relevant toxic mediator leading to renal impairment, primarily through PTC endothelial dysfunction rather than direct tubular toxicity.
Heme is an essential component of several proteins in the organism including hemoglobin, mitochondrial cytochromes and NO synthase. Whereas a low heme synthesis is responsible for porphyria 1 , heme intracellular accumulation is likely to be also deleterious through induction of intracellular oxidative stress as encountered in some ischemic and toxic conditions 2, 3 . Of notice, circulating heme (free or bound to hemopexin) may also lead to endothelial and renal tubular toxicity [4] [5] [6] [7] [8] . During hemolysis, substantial amounts of heme are indeed released by red blood cells, and form a heme-hemopexin complex which binds to its receptor CD91 on endothelial or renal tubular cell surface, leading to subsequent endocytosis, intracellular accumulation of heme and iron store leading ultimately to ROS generation 9 . Indeed, heme toxicity is considered to be responsible for sickle cell anemia nephropathy (SCAN) through renal microcirculation impairment [10] [11] [12] and cases of acute renal failure following administration of hematin for acute intermittent porphyrias were reported 13, 14 . Heme metabolization thus appears as a critical step to ensure cytoprotection. Heme-oxygenase 1 (HO-1) is an inducible enzyme which catabolizes heme, through an enzymatic reaction which produces biliverdin (subsequently converted to bilirubin), carbon monoxide and iron 15 . The ability to induce HO-1 within renal tissue appears a critical event for nephroprotection 16, 17 especially in the setting of vascular injuries 18 or heme overload as illustrated by mice lacking HO-1 who develop more severe lesions after ischemia/reperfusion 19 . Accordingly, multi-organ failure including renal failure, and severe endothelial lesions were reported in a child with an inactivating mutation of HO-1 20 . We thus speculated that in severe hypertensive subjects related to activation of the renin-angiotensin-aldosterone system, the onset of a mild hemolysis would be a critical event leading to an imbalance between heme overload and HO-1 induction and thus would trigger malignant hypertension.
Our results ruled out our working hypothesis but showed surprisingly that a mild rise of plasma heme for two weeks impaired renal blood flow through renal capillary rarefaction with no significant influence of angiotensin II mediated hypertension within this time frame.
Results
Among the 29 rats receiving angiotensin II, 45% developed malignant hypertension (MH) assessed by histological hallmark features, illustrated Fig. 1 , such as proliferating endarteritis with arteriolar thrombosis, fibrinoid necrosis in vessel walls and/or glomerular capillary vessels (assessed by fibrin deposits). Indeed, necrosis was present in 53.7% + /− 5.7 of vessels and 63.2% + /− 3.8 of glomeruli in MH group samples with no necrosis detected in the other groups. In rats receiving angiotensin II alone, 53% (n = 9) developed MH, whereas MH occurred in 25% of rats receiving angiotensin II and Heme (NS). Thus, angiotensin II treated animals with no MH were classified as group Ang II (A) or Ang II + heme (AH) accordingly (flow chart see Fig. 2 ). Under Ang II treatment, systolic blood pressure increased as soon as day 7 and further increased up to day 28, with no significant difference in hemin treated group (Fig. 3) . Moreover whereas blood pressure values were similar in control and group H, animals from group H experienced an average loss of 14% of body weight compared to controls after initiation of hemin (between day 14 and 28) (p < 0.01). Similarly, AH and MH groups experienced an average 15% loss compared to A group (p < 0.01 and 0.01 respectively). Proteinuria assessed by urinary protein/creatinine ratio increased at day 15 and 28 in MH group only, with no significant difference between the two time points. At day 28, plasma heme was increased in rats receiving heme (H and AH rats, p = 0.002), with a mild increase detected in group A (Table 1) . Moreover, MH rats had a higher plasma heme and bilirubin concentration than control group (p = 0.03 and 0.004) and also a decreased haematocrit (p = 0.03).
As expected MH group experienced a decreased RBF and increased RVR with an aorta remodelling (assessed by an increased intima/media ratio), an increased lumen of interlobar arteries but a decreased lumen of periglomerular arteries altogether with a rarefaction of peritubular capillaries assessed by RECA-1 staining (Figs 4 and 5a,b). Of notice, RBF was also decreased and RVR increased in hemin treated animals (i.e. H and AH rats) with no modification of vessel lumens except for peritubular capillaries which density appears dramatically reduced (especially in AH group). In group A, RBF value was not decreased compared to control group, despite an RVR increase, a decrease of periglomerular arteries lumen and a modest but significant peritubular capillaries rarefaction.
As shown Fig. 5c , peritubular capillaries rarefaction assessed by a renal RECA1 expression decrease was inversely correlated to tubular damage score. Tubular scoring and renal HO1 mRNA levels were higher in MH Figure 3 . Blood pressure, weight and proteinuria during the study. SBP: systolic blood pressure, P/C: proteinuria/creatinuria ratio, C: controls, H: hemin group, A: angiotensin II group, AH: angiotensin II + hemin group, MH: malignant hypertension group. Asterisks indicate a p value < 0.05 compared to control rats. group but they were also surprisingly high in all treated groups including H group ( Fig. 6a and b) . Accordingly, renal HO1 mRNA expression was strongly associated with tubular scoring (rho = 0.69, p < 0.0001) ( Fig. 6c ) and RECA1 staining level (rho = − 0.67, p < 0.0001) (Fig. 6e) . As shown Fig. 7 , HO-1 staining was indeed upregulated within peritubular capillaries in H, AH (not shown) and MH groups whereas RECA1 staining was decreased respectively (Fig. 5 ). Of notice, a high HO-1 staining within numerous tubules was only detected in MH group ( Fig. 7c and d) . Western blot analysis performed on whole kidney extracts ( Fig. 7e and f) demonstrated a significant increase of HO1 protein expression in MH group (p < 0.001) but also in H and AH groups (p < 0.02 and p = 0.002 respectively). 
Groups

Discussion
Our results show that hemin administration worsens angiotensin II mediated vascular nephropathy as assessed by renal hemodynamic and histologic studies. Of notice, renal microvascular impairment and tubular damage were detected even in the absence of angiotensin II and hypertension and plasma heme concentrations in treated rats were in the same order of magnitude as values measured in some patients with chronic hemolysis such as sickle cell disease (personal data). Indeed, whereas high doses of hemin were responsible of heme casts within tubules and animal death due to acute renal failure (data not shown), the issue whether a mild plasma heme increase in the setting of severe hypertension could trigger MH was unknown. Conversely to our working hypothesis, onset of MH was independent of hemin administration among angiotensin II treated animals with an overall occurrence in 45% of cases. Indeed, urine protein/creatinine ratio was significantly higher at day 14 in MH group compared to other groups (Fig. 3) , i.e. at an early time point, before randomization (when hemin was not already initiated), thus suggesting that a genetic background heterogeneity, salt intake and angiotensin II doses (uncontrolled differences in AII administration flow through osmotic pumps) are more likely relevant factors triggering MH. On the other hand, a potential preventive effect of hemin also seems unlikely given the detected detrimental effect of hemin administration on vascular and tubular lesions. Moreover, no high protein/creatinine ratio detected at day 14 decreased at day 28 in any AII + hemin animals thus reasonably ruling out a potential beneficial effect of increased plasma heme on glomerular lesions (at least within this concentration range). MH phenotype assessed by histological features at day 28 exhibited a dramatic renal blood flow decrease altogether with expected systemic features such as elevated plasma bilirubin and decreased hematocrit values. Vascular remodeling features were associating interlobar dilation, presumably suggestive of an increased pulse pressure responsible for downstream endothelium damage, including noteworthy glomerular and peritubular capillaries rarefaction assessed by endothelial RECA staining. Analysis of angiotensin II treated animals with no MH, showed the presence of a high blood pressure with a preserved RBF as expected, despite a RVR increase suggesting effective autoregulatory processes at play. Indeed, aorta remodeling was detected in all the angiotensin II treated rats, in accordance with literature 21, 22 . Moreover, an expected angiotensin II induced small renal arteries vasoconstriction would explain a controlled downstream blood pressure allowing vessels protection (i.e. glomerular and peritubular capillaries) with a preserved RBF 23 . However, some renal histological lesions and peritubular capillaries rarefaction were detected compared to controls suggesting that a mild endothelial dysfunction was nevertheless occurring.
Conversely, in the AH group with no MH, renal autoregulatory mechanisms appear impaired as RBF and peritubular capillaries were markedly decreased, with significant tubular damage. Noteworthy, AH rats did not display blood pressure or proteinuria changes compared to AII rats at variance with previous studies showing a vasodilator effect of heme (presumably related to carbon monoxide induction) 24, 25 . Blood pressure values were also similar between rats treated by hemin alone (group H) and controls.
Surprisingly, rats receiving heme alone also displayed a decreased RBF and increased RVR suggesting marked renal damages. Morphometric analyses of renal vessels were thus performed in order to explain these features in hemin rats and ruled out large, medium or small artery morphometric changes, but pointed out a significant peritubular capillary rarefaction assessed by RECA-1 staining. Thus, heme administration alone seems to induce a microangiopathy severe enough to decrease RBF and damage significantly tubules. In agreement with this view, a strong negative correlation was detected between endothelial RECA1 staining and tubular damage score. As a matter of fact, direct endothelial toxicity of heme is consistent with previous reports 2, 4, 6, 26 and direct toxicity of hemin on tubules was ruled out by Perls staining (except in MH group, data not shown). Furthermore, renal HO-1 mRNA upregulation was strongly correlated with the degree of severity of tubular damage in all treated rats (including hemin groups) though HO-1 protein expression was mostly expressed in peritubular capillaries further strengthening the view that capillaries are the main targets and that vessels rarefaction accounts indeed for RBF decrease. Thus, surprisingly, renal HO-1 quantification appears as a relevant and accurate marker of renal injuries (i.e. vascular and tubular) whereas HO-1 renal expression is supposed to counterbalance oxidative stress to ensure cellular protection and/or adapt heme overload 27 . Accordingly, the presence of a strong HO-1 tubular staining detected only in HM rats appears as a hallmark of a genuine tubular necrosis.
To conclude, plasma heme increase does not trigger angiotensin II malignant hypertension or blood pressure control but damages renal peritubular capillaries leading to increased tubular lesions even in animals not receiving angiotensin II. Thus, our data favor the view that a sustained moderate increased plasma heme similar to the values encountered in chronic hemolysis such as sickle cell disease, but also possibly in some chronic kidney disease patients, induces (or worsens) a microvascular nephropathy. In this setting, occurrence of vascular lesions on larger vessels probably depends both on the magnitude of a sustained renin angiotensin system stimulation and on the duration of free plasma heme exposure.
Materiel and Methods
Animals. All procedures were performed in accordance with the French animal care legislation (January 2001), and were approved by the INSERM and Sorbonne University ethic committee. Wild-type male SpragueDawley rats (mean weight of 250 g, Harlan Laboratories, Indianapolis, IN, USA) were fed a normal rat diet with free access to water.
Experimental protocol. Rats were initially randomly allocated into 2 groups: (1) control rats (n = 17), (2) Angiotensin II (Ang II) (n = 29) treated rats. Ang II (400 ng/kg/min) or vehicle was continuously infused into rats aged 8 weeks subcutaneously via an osmotic minipump (Alzet model, Durect Corporation, Cupertino, CA, USA) for 28 days. In the group receiving angiotensin II, NaCl was added to drinking water (at a 6 g/l concentration). Animals were randomized at day 14 to receive either hemin or control. Rats were anesthetized with isoflurane for intraperitoneal injections of hemin (50 mg/kg, Sigma-Aldrich, Saint-Louis, MO, USA) or control (Phosphate Buffer Saline) from day 14 to day 28, thrice a week.
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Hemodynamic Measurements. Systolic BP (SBP) was measured indirectly by the tail-cuff method (CODA System, Kent Scientific, Torrington, CT, USA) twice a week during the 28 days of protocol. At day 28, rats were anesthetized with intraperitoneal pentobarbital (100 μ l/100 g), and placed on thermostatically controlled heated surgical table to maintain rectal temperature at 37 °C. The femoral artery was cannulated to allow continuous monitoring of systemic arterial blood pressure and heart rate. The femoral vein was cannulated to allow infusion of solutions. The left kidney was exposed from a laparotomy incision. The renal artery was separated carefully from the renal vein which enabled placement of a flow probe connected with a Transonic flowmeter (Transonic System Inc., Ithaca, NY, USA) for measurement of the total renal blood flow (RBF) and renal vascular resistances (RVR).
Sample processing. Plasma samples from the above experiments were taken at the moment of sacrifice and were assayed for hematocrit, urea, serum creatinine, lactate dehydrogenase (LDH) and plasma bilirubin by a KONELAB automate (Thermo Scientific, Waltham, MA). Individual rats were housed in metabolic cages and urine was collected over a 4-hour period. This process was repeated four times for each individual (once a week). Urinary protein concentration was normalized to urinary creatinine concentration, and values were expressed as g/mmol creatinuria.
Morphologic Analysis. Kidneys and aorta were rapidly excised after sacrifice. Aorta sections were rapidly freezed after excision and conserved at − 80 °C. Sections 5 μ m thick that included the entire circumference were cut from five different blocks of each animal. Kidneys were partly fixed in AFA solution (alcohol-formalin-acetic acid), dehydrated, embedded in paraffin, and further processed for Masson trichrome staining (5 μ m sections), and partly freezed with RNA later solution (Qiagen) for subsequent analyses.
Morphometric analyses. Digital measurements were blindly performed using the Image J software (NIH, Bethesda, MD, USA). Aortic remodeling was assessed by the averaged measure of intima/media ratio on five sections for each rat. Interlobar arteries and periglomerular arteries of ten representative fields (magnification X 400) were analyzed for each rat (longitudinal renal cutting) 28 . Wall thickness and vascular lumen were measured for each structure. Necrosis was measured in glomeruli and in small vessels of ten representative fields for each rat (magnification X 400) 29 .
Tubular Score. Tubular injury was scored by estimating the percentage of tubules that showed tubular dilatation, epithelial necrosis, luminal casts, loss of brush border or naked basement membrane as follows: 0, none; 1, < 50%; 2, > 50%. The mean tubular damage score was established blindly for each rat on ten representative fields (magnification X 200) of two renal cortical sections.
Immunofluorescent assay and immunohistochemistry. Snap-frozen kidney samples were processed for direct immunofluorescence microscopy using FITC-labeled antibody specific for fibrin or incubated with anti-RECA1 (ab22492 Abcam, Cambridge, UK) and heme-oxygenase type 1 (HO-1) (ab68477, Abcam, Cambridge, UK) then with appropriate secondary peroxidase labeled antibodies and revealed with AEC (3-amino-9-éthylcarbazole, DakoCytomation, Santa Clara, CA, USA).
RT-PCR.
The renal cortical samples were extracted for total RNA, which were assayed for (HO-1) mRNA by reverse transcription PCR (RT-PCR), the results being normalized to HPRT mRNA.
Western Blot. Proteins were extracted from renal cortex or isolated glomeruli using RIPA lysis buffer supplemented with sodium orthovanadate, PMSF, a protease inhibitor cocktail (Tebu Bio, Le Perray en Yvelines, France), and 10 mM sodium fluoride. After a centrifugation at 10,000 rpm for 10 min at 4 °C, protein concentrations were determined from the supernatant using the Bradford assay. Aliquots of 10 μ g of protein were run on NuPAGE 4/12% electrophoresis gels (Invitrogen, Carlsbad, CA, USA), then transferred onto a PVDF membrane (Millipore, Billerica, MA, USA). Immunoblotting was performed using rabbit specific primary antibodies anti-HO1 (Abcam, Cambridge, UK), and rabbit anti-GAPDH (Sigma Aldrich, Saint Louis, MO, USA) for loading control. Then, the membrane was incubated with horseradish peroxidase-linked donkey secondary antibody (GE Healthcare, Little Chalfont, UK). The revelation was performed with the ECL plus kit (GE Healthcare). Densitometric analysis on ImageJ (NIH, Bethesda, MD, USA) was then performed for quantification.
Statistical Analysis. All data are presented as percentages or mean ± SEM values. Categorical variables were compared by the Fisher's exact test when appropriate. As some parameters were not normally distributed, non-parametric Mann-Whitney or Kruskal-Wallis tests as appropriate were used to test differences between groups. Non parametric Spearman tests were used to test associations between variables of interest. The significance level of a statistical hypothesis test was set at 0.05. All statistical analyses were performed using StatView software 5.0 (SAS Institute, Cary, NC, USA).
